Material deterioration caused during service life led to the development of erosive/corrosive resistant materials. The present work focuses on characterization of an alloy, naval brass, developed by microwave hybrid heating method, which is a vital material used in ship building/ marine industry. Mechanism of melting of metals by microwave hybrid heating technique is presented in the article. Microstructural study reveals formation of alpha and beta phases, with negligible porosity. X-Ray Diffraction study reveals the presence of CuZn phase in the developed alloy. Further, tensile and microhardness characteristics of the cast alloy holds good with the properties that must be exhibited by the specified standard material.
INTRODUCTION
Materials are designed for various types of applications and at the same time, materials must possess properties required for the specific application. Marine industries urge for materials that are erosion and corrosion resistant [1] . One such marine application that requires such materials is ship building. Materials used in ship building undergo erosion/ corrosion due to salinity [2] . Hence, materials must be capable of resisting the deterioration. Development of the materials for such application needs extensive research. Once the material is designed, it has to be developed/ manufactured. The developed material should possess the properties required for the applications.
Conventional method of material development is in existence for centuries. Metals are heated by the conventional means to produce molten liquids, further cast to desired size and shapes. Heat is transferred by the mode of conduction from the outside surface towards the centre of the material in conventional methods [3] . This may lead to several consequences like residual stress, porosity, non-uniform microstructure, etc. Bringing the material to thermal equilibrium requires more time and energy [4] . Further, temperature gradients result in unnecessary material losses during the process [5] [6] . Major cause for these negative aspects of conventional processing is the way in which heat is transferred into the candidate material.
Melting process is observed to be responsible for consuming more than half of the energy costs in metal casting process. Energy efficiency of foundries depends largely on the process of melting. Even though energy consumption in melting process industries is of increased significance, industries have left with no option to go with the technology having lower energy efficiency. This technology should be replaced with a sustainable technology, which can deliver high quality products with lesser energy consumption. Further, the melting process also results in physical and chemical properties of the final product. It is noteworthy that the solubility of gases with molten metal increases with time and temperature, which results in undesirable defects like porosity [7] . The option available for reducing the solubility of gases is to achieve the process at least possible time, which may not be possible by conventional melting. Development of alloys requires higher temperature to melt the metals. All the stated disadvantages of conventional material processing can be eliminated by using a microwave material processing technique (MMP). MMP use electromagnetic radiation (microwaves) as a source of energy to develop heat in the material [8] . Heating of material takes place at the molecular level and is transferred from inside to the outer side [9] [10] [11] [12] [13] . However, MMP has some limitations, reflection of radiation when irradiated on metallic material at room temperature being the most important. Microwaves are reflected because of lower skin depth [14] [15] [16] [17] [18] [19] , that causes difficulty in processing of metals. However, microwaves are absorbed by the metallic materials at higher temperature [20] . To overcome the reflectivity of microwaves at room temperature and to process metallic material using microwaves, a new technique called Microwave Hybrid Heating (MHH) is employed [21] . MHH technique use microwave absorbing materials called susceptor to initially heat the candidate material through conventional mode. As the temperature reaches a certain point known as critical temperature (Tc), metallic materials start absorbing microwaves, which leads to increase in skin depth [22] . Once microwaves are absorbed, metallic materials get heated uniformly at molecular level, irrespective of the material volume. Certain works have been reported regarding melting and casting of metallic materials through MHH [23] [24] [25] [26] [27] [28] . Further, it has been reported that microwave processing results in enhanced mechanical properties of the processed material [29] [30] [31] . Most of the conventional casting techniques affect the environment by releasing pollutants to the atmosphere. Therefore, the selected casting process must be able to take care of the factors affecting environment. In this regard, microwave processing acts an environmentally cleaner and greener process [32] [33] .
Present literature survey shows lot of scope for the research in development of an alloy by microwave casting method. Naval brass an alloy has been identified as one of the suitable material for the present work. An attempt has been made to develop through MHH and characterize the naval brass alloy.
MATERIALS AND METHODS

Materials selection
The main insight of the present work is to develop an alloy that has wide application. One such alloy made out of 59 % copper, 40 % zinc and 1 % tin is naval brass, which finds broad applications in marine industry. Hence, naval brass is selected as an alloy to develop and to achieve the objective of the present work. Commercially available pure copper, zinc and tin are considered as initial alloying materials to develop naval brass. Copper is alloyed with zinc to obtain brass, while tin is added to overcome dezincification of brass in highly corrosive environments.
Method
A 3.3 kW microwave furnace, operating at 2.45 GHz frequency is used in the present work. The furnace has a Ktype thermocouple to measure the temperature and is integrated with a controller to indicate and maintain the temperature. A schematic showing the system used in the present work is as shown in Fig. 1 .
Prior to the development of an alloy, proper weighing of the alloying elements is necessary to obtain the required composition in the final product. Naval brass has copper and zinc as major alloying materials. Quantity of alloying elements is weighed (Make: Anamed Z-400 weighing balance). Description of certain particulars regarding the present work is tabulated in Table 1 . Initially, commercially available bulk copper is taken in a graphite crucible (B). The crucible is placed on a susceptor (G) (SiC) block and enclosed with a microwave transparent refractory insulation (F). The refractory insulation is further covered with glass wool to avoid dissipation of heat in to the furnace chamber during processing. A K-type thermocouple (C) is used to measure the temperature during the melting process. Trials were carried out to observe the time required for complete melting of copper (Melting temperature: TM = 1083°C). Initial room temperature (TR) of the candidate material along with the temperature reading for every 5 s interval during the process is recorded. Figure 2 shows the time-temperature curve during microwave processing. The irradiated microwaves are reflected by copper at room temperature, owing to lower skin depth (~1.3 µm) [34] . Susceptor material placed below the crucible absorbs microwaves and generates heat energy. The developed heat energy is transferred to the candidate material by the mode of conduction. Once the candidate material reaches critical temperature, microwaves start to couple with the candidate material. This results in uniform volumetric heating of the candidate material until complete melting is achieved. Complete melting of copper is achieved in nearly 16 minutes. Once copper is melted, zinc is added in small quantities in the molten copper, followed by tin. The molten alloy is then poured in to a cavity made in the previously prepared sand mould and cooled in atmospheric air. Image of as-cast naval brass and the tensile specimens are shown in Fig. 3a and 3b respectively. 
Characterization
The developed naval brass is characterized for microstructural and mechanical properties. The developed alloy was sectioned by using a low speed diamond cutter (Make: Chennai Metco, India; Model: Baincut -LSS) and cleansed with acetone prior to characterization. Specimens were polished using different grades of emery papers. Further, the specimens were polished using diamond paste to get mirror finished surface followed by etching. A chemical reagent prepared by mixing equal parts of nitric acid and distilled water is used as an etchant for the developed naval brass. Metallographic specimens were etched by immersing in the prepared reagent with 5 s holding time. X-Ray Diffraction (XRD) was carried out using PANalytical X'Pert 3 Powder Diffractometer by directing the Cu Kα X-Rays onto the brass between the angles 10° to 90° at a rate of 1°/ min. TESCAN VEGA 3 Scanning Electron Microscope (SEM) attached with Energy Dispersive X-Ray Spectroscopy (EDS) is used to study the microstructure and to carry out elemental studies. Mechanical characterization like tensile test and microhardness study has also been carried out. Dimensions of the brass tensile specimens were made as per ASTM E8/ E8 M-09 standards (Fig. 4) . Tensile test was conducted at room temperature using Mecmesin 10-i Universal Testing Machine (UTM) at a strain rate of 0.015 mm/ min. Microhardness of the as-cast brass developed is measured using Highwood Vickers' Microhardness Tester HWMMT -X7. 
MECHANISM OF MELTING BY MICROWAVE HYBRID HEATING
Physics involved during the interaction of microwaves with metallic materials is still not completely established. However, few theoretical aspects are acceptable. This section describes the behaviour of microwaves with metals. A representation is shown in Fig. 5 for explaining the interaction of metals during microwave irradiation.
Metals are good conductors of heat and electricity and good conductors are known to have lower skin depth (δ). Skin depth is defined as the depth of penetration of electromagnetic radiations from the surface of the material at which the density falls to (1/e) of its value [36] . Attributing to the lower skin depth, microwaves are reflected at room temperature when irradiated on the metallic materials as shown in Fig. 5a . Reflection is caused by the free moving electrons that induces magnetic field in the direction opposite to that of the irradiated electromagnetic waves [20] .
With the increase in temperature, the intensity of induced magnetic field attenuates and the depth of penetration of electromagnetic radiation increases. As the temperature raises upto a certain elevated level, depth of penetration of microwaves into the metal becomes sufficient for the absorption and the corresponding temperature is known as 'Critical Temperature (TC)'. In order to reach the critical temperature, heat energy must be supplied to the candidate material from an alternate source. Such material which supplies heat energy is called as 'Susceptor', which is capable of absorbing microwaves and converting it to heat energy. Heat energy generated by the susceptor is transferred to the candidate material as shown in Fig. 5b . As the temperature reaches the critical temperature, candidate material begins to absorb microwaves directly, there by resulting in molecular level heating (Fig. 5c) . The candidate material undergoes twoway heating from this point onwards until complete melting is achieved; first is conduction by the susceptor and second is direct heating by microwaves. Direct heating is caused as a result of friction between moving charges that takes place due to the varying electro-magnetic (EM) irradiation (Fig. 5d) . This method of heating metals is popularly known as Microwave Hybrid Heating (MHH). 
RESULTS AND DISCUSSIONS
Melting of highly conductive materials by microwave energy is a difficult process. However, in the present work, bulk metals like copper, zinc and tin are melted by microwave hybrid heating and blended to develop an alloy. Results obtained by characterization of the developed as-cast alloy are discussed below.
XRD study
A typical spectrum of XRD of the developed microwave melted as-cast naval brass is shown in Fig. 6 . Five major peaks are indicated in the XRD spectrum. Melting was carried out in the atmospheric conditions; consequently copper oxide formation was also detected in the diffraction pattern. This could be due to the inevitability of oxide formation during interaction of the candidate material with atmospheric oxygen at high temperatures, which is evident from EDS mapping (Fig.  8) . The peak associated with 2θ ≈ 42° indicates partial transformation of copper into copper oxide during the process and subsequent formation of brass on addition of zinc. However, the intensity of oxide presence is not found to be very significant in the XRD analysis. Hence, phases like Cu3Zn2 and CuZn have been dominantly formed during microwave processing, which is evident from the elemental analysis carried out by EDS (Fig. 8) . Presence of oxides during microwave processing further helps in faster rate of material heating during microwave processing [37] . Major peak of brass (Cu3Zn2) corresponds to the position 2θ value of 42.52° (1 1 0) . Further, CuZn phase is identified at various other peaks corresponding to 2θ values ≈ 44° (1 1 0), 50° (2 0 0), 73° (2 2 0), 88° (3 1 1).
Figure 6. XRD spectrum of the developed as-cast naval brass
Microstructural and elemental analysis
Microstructural investigation of naval brass developed by microwave casting is carried out and the scanning electron micrographs of developed as-cast brass are shown in Fig. 7 . Schematic of the as-cast naval brass along with the crosssectional view of the area selected for microstructural study is shown in Fig. 7a . Morphological investigation shows the alpha-beta dual-phase of brass. During solidification, alpha phase can be seen dispersed into the beta matrix (Fig. 7b) . Beta phase matrix enhances hardness of the alloy which has a BCC structure. Elongated structure can be seen at the periphery, while equiaxed structure formation at the centre of the cast brass (Fig. 7c & 7d) . This is due to faster rate of cooling at the outer side of the cast while slow cooling at the core takes place due to the latent heat.
Elemental studies of the as -cast brass is carried out using Quorum Software integrated with TESCAN VEGA 3 Scanning Electron Microscope, and a typical EDS spectrum obtained for area mapping of the microstructure is shown in Fig. 8 . Further, oxide also shows its presence due to the interaction of brass with atmosphere, which could be correlated with the presence of oxide phase observed during XRD analysis. Distribution of elements was observed by elemental mapping, which shows dominant copper phase along with significant presence of zinc in the as -cast brass, along with tin distributed uniformly (Fig. 9) . Addition of tin avoids dezincification, which is one of the major problems of brass in corrosive environment.
To verify the composition of the developed alloy, Optical Emission Spectroscopy (OES) was carried out using BAIRD -DV 6E spectrometer. Chemical composition of the developed as-cast brass is presented in Table 2 , which falls good with the elemental study made by EDS (Fig. 8) on the developed alloy. 
Tensile test
Tensile properties of the microwave hybrid heated as-cast naval brass was evaluated as indicated in the earlier section. Tensile test was carried out on three test specimens and their average value is considered. Tensile properties like ultimate tensile strength, yield strength and percentage elongation are recorded and presented. Figure 10 shows strain -stress curve for microwave cast naval brass. It is observed from the figure that upto the initial loading of around 185.14 MPa (Yield strength), the test specimen exhibits elastic characteristics. Further, increase in the tensile loading leads the material to plastically deform till it reaches its ultimate tensile strength of 347.24 MPa. Additional loading of the test specimen after ultimate stress results in fracture. The candidate material no longer withstands any tensile load, beyond which stress value drops drastically. Ductility of the test specimen is measured by elongation of the specimen due to tensile loading. Nearly 28.87 % elongation was observed on the test specimen, which features significantly good ductility. Moreover, additional elongation is limited due to the increased presence of zinc in the as-cast brass, as observed from the EDS spectrum (Fig. 7) . The observed strength could be due to uniform distribution of phases caused by heating of material at molecular level by microwave energy. Fractography on the fractured tensile specimens has been carried out and the fractographs are presented in Fig. 11 . Close observation on the fractured surface shows fine dimples, which is evident of the better ductile property of the developed alloy [38] . Further, voids can also be seen in the microstructure, which characterizes the initiation of dimples. Cleavage formation is also noticed in the Fig. 11 b & c, which characterizes the area of fracture of the tensile specimen. Fractograph shows multimode fracture with dimples, cleavage and facets. Cleavage formation indicates that the developed ascast naval brass has significant hardness, which could be due to the presence of beta phase. In addition, further elongation of the as-cast naval brass is restricted by formation of cleavage and undergoes fracture. Moreover, the developed as-cast brass shows negligible porosity as observed from the micrographs (Fig. 6) and fractographs (Fig. 11) , resulting in lower rate of crack propagation and thus resulting in better strength of the material. 
Microhardness study
One of the important factors that influence the performance of a material is its hardness. Increased hardness results in increase in resistance of a material to wear and corrosion. Indentations were made at five different locations randomly on the transverse section of the developed as-cast brass, starting from top to the bottom of the cast alloy. Distribution of the microhardness and the indentations made on the as-cast alloy is presented in Fig. 12 . Average microhardness of the developed as-cast brass is measured to be 145±3 Hv. Microhardness distribution is observed to be nearly consistent, which could be due to uniform distribution of metals to form an alloy / uniform dispersion of alpha phase in the beta phases. Indentations made on the developed alloy are observed to be significantly well defined, which attributes to the better hardness of the developed alloy owing to the presence of beta phase. Formation of α and β phases is due to the presence of more than 37.5 % zinc in the developed as-cast brass. Further, it is evident that the formation of fine dimples observed from the fractographs (Fig. 11c ) that as-cast naval brass exhibits better hardness.
CONCLUSIONS
In spite of the difficulties in processing metallic materials by microwaves, copper is melted by microwave hybrid heating. Further, naval brass is developed by adding alloying elements like zinc and tin to the molten copper. Developed as-cast naval brass is characterized and the following conclusions are drawn from the present work.
(1) Naval brass, an alloy of copper is developed by using microwave hybrid heating.
(2) Time required for developing the alloy by microwave casting technique is recorded to be 17 minutes.
(3) XRD study reveals the dominant presence of Cu3Zn2 and CuZn phases. Oxide also shows its presence with very negligible intensity, which could be attributed to carrying out experimentation in atmospheric conditions.
(4) Uniform and better distribution of alloying elements is observed from the elemental mapping study.
(5) SEM observations reveal elongated structure at the periphery and nodular microstructure at the core of the as-cast alloy.
(6) Average ultimate tensile strength of the developed ascast naval brass/ alloy is found to be 347.24 MPa.
(7) Microhardness study shows the hardness of the developed as-cast alloy has been found to be distributed equally throughout, and is found to be 145±3 Hv. 
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